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Summary 
For coherent and direct-detection Orthogonal Frequency 
Division Multiplexed (OFDM) systems employing radio 
frequency (RF) pilot tone phase noise cancellation the 
influence of laser phase noise is evaluated. Novel ana-
lytical results for the common phase error and for the 
(modulation dependent) inter carrier interference are 
evaluated based upon Gaussian statistics for the laser 
phase noise. In the evaluation it is accounted for that the 
laser phase noise is filtered in the correlation signal 
detection. Numerical results are presented for OFDM 
systems with 4 and 16 PSK modulation, 200 OFDM 
bins and baud rate of 1 GS/s. It is found that about 225 
km transmission is feasible for the coherent 4PSK-
OFDM system over normal (G.652) fiber.  
1 Introduction 
Current coherent optical communications research has 
focus on achieving high capacity system bit-rates (100 
Gb/s – 1 Tb/s) with the possibility of efficient optical 
multiplexing (MUX) and demultiplexing (DEMUX) on 
sub-band level (the order of 1 Gb/s). An essential part of 
the optical system design is the use of Digital Signal 
Processing (DSP) techniques in both transmitter and 
receiver in this way eliminating costly hardware imple-
mentations of MUX/DEMUX, dispersion compensation, 
polarization tracking and control, clock extraction etc. 
In the core part of the network emphasis has been on 
long-range (high sensitivity) where coherent (homodyne) 
system implementations of n-level Phase-Shift-Keying 
(nPSK) and Quadrature Amplitude Modulation (nQAM) 
have proven superior performance.   When it comes to 
efficient high-capacity low granularity optical 
MUX/DEMUX Orthogonal Frequency Division Multi-
plexing (OFDM) technology becomes an interesting 
alternative.  The efficient MUX/DEMUX capability of 
OFDM systems using Inverse Fast Fourier Transfor-
mation (IFFT) algorithms in the channel MUX stage 
(and Fast Fourier Transformation (FFT) algorithms in 
the channel DEMUX stage) is of special interest in the 
Metro-/Acces parts of the optical network where high 
system sensitivity is not a prime factor. OFDM systems 
can be viewed as a sub-carrier multiplexed optical sys-
tem and – due to the need of a strong “DC” optical car-
rier wave (in order to avoid clipping distortion effects) – 
these systems should be expected to have lower sensi-
tivity (shorter reach) than nPSK or nQAM systems with 
equivalent capacity. However, OFDM systems have 
other advantages due to the distributed capacity in many 
tightly spaced signal channels in the frequency domain. 
These advantages include highly efficient optical recon-
figurable optical networks (efficient optical 
MUX/DEMUX), easy upgrade of transmission capacity 
using digital software (Digital Inverse Fast-Fourier-
Transform (DIFFT) can be used for channel MUX and 
DFFT for channel DEMUX) and adaptive data provi-
sioning on optical per OFDM-channel basis (i.e. optical 
ADSL implementation to make transmission agnostic to 
underlying physical link).  
Optical coherent systems can be seen as a parallel tech-
nology to currently implemented systems in the radio 
(mobile) domain. It is important to understand the dif-
ferences between radio and optical implementations and 
these implementations and these are mainly that the 
optical implementations operates at significantly higher 
transmission speeds than their radio counterparts and 
that they use signal sources (transmitter and local oscil-
lator lasers) that are significantly less coherent than their 
radio counterparts. For nPSK and nQAM systems DSP 
technology in the optical domain is entirely focused on 
high speed implementation of simple functions such as 
AD/DA currently operating at 56 Gbaud or below. The 
use of high constellation transmission schemes is a way 
of lowering the DSP speed relative to the total capacity. 
Using OFDM as MUX/DEMUX technology and im-
plementing hundreds or thousands channels is an alter-
native way of very effectively lowering the DSP speed 
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(per channel) and still maintaining 100 Gb/s  (or more) 
system throughput. Both Direct Detection and Coherent 
(heterodyne) detection is considered for OFDM imple-
mentations (DD-OFDM and CO-OFDM systems) and 
the low channel baud-rate leads to a significant influ-
ence of the laser phase noise. Especially for CO-OFDM 
systems the influence is severe. The theory basis for 
dealing with the phase noise influence has been present-
ed for radio OFDM systems in [1-4] and several ac-
counts for optical systems can be found in [5-9]. 
Using nPSK or nQAM systems with DSP based disper-
sion compensation leads to strong influence of laser 
phase noise which is further enhanced by equalization 
enhanced influence of the local oscillator phase noise 
[10-12]. OFDM systems may use wrapping of the signal 
in the time domain (cyclic prefix) to account for disper-
sion effects in this way eliminating the need for DSP 
based compensation. Using an RF carrier which is adja-
cent to or part of the OFDM channel grid is an effective 
way of eliminating the phase noise effect [5] but it has 
to be noted that the dispersion influenced delay of 
OFDM channels will make the elimination non-
complete and this leads to a transmission length de-
pendent (dispersion enhanced) phase noise effect [7-9]. 
The purpose of this paper is to investigate this in detail 
for both DD-OFDM systems and CO-OFDM systems 
for nPSK and nQAM OFDM channel constellations 
using an accurate (analytical) model framework which 
allows direct physical insight into the problem. We will 
use this to derive important practical OFDM design 
guidelines.  
2 Theoretical analysis 
2.1 Instantaneous power representations 
The theoretical analysis follows [1-4]. Optical channel 
plans for the DD-OFDM and CO-OFDM systems with 
N channels are shown in Fig. 1. It appers that the radio 
frequency (RF) pilot carrier is transmitted separately 
from the OFDM band in DD-OFDM (and self-
heterodyning techniques are used to extract the OFDM 
signal in the receiver (Rx)). In CO-OFDM the RF chan-
nel is in the center of the OFDM band. The purpose of 
our analysis is to find the limiting influence of laser 
phase noise (i.e. the resulting BER-floor which needs to 
be below the order of 410  in order to make practical use 
of Forward-Error-Correction (FEC) techniques possible). 
In the following we will present the derivation for CO-
OFDM systems explicitly whereas for DD-OFDM sys-
tems only main results will be given. During a symbol 
period T the complex envelope (constellation position) 
of the transmitted OFDM signal (defined as a micro-
wave signal with a frequency relative to the center of 
the OFDM band) is [1]: 
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We note that this is the analogue output after digital in-
verse fast Fourier transformation (DIFFT) of the digitized 
input sampled with N samples separated by T/N, and each 
sample specifying one OFDM channel constellation ka . 
The RF carrier is injected into the analogue signal at grid 
position k=0 prior to optical modulation that brings s(t) 
onto the optical carrier wave [5] – see Fig. 1. Thus, this 
grid position is not used for data transmission. )(t  
denotes the laser phase noise. After coherent detection 
with an LO laser with the same frequency as the RF the 
(analogue) signal at the DFFT output of the receiver – 
including correlation detection - is for bin k (DFFT coef-
ficient k) [1]: 
  T tTkjk dtetsTr 0
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  (2)           
This assumes that the dispersion dependent frequency 
offset between signal bins has been completely compen-
sated (for instance using frequency estimation). In the 
case of no frequency offset and no phase noise influence 
orthogonality between the channels means that kk ar 
.
 . 
Taylor expansion is employed to identify the leading 
order phase noise influence in (2). The resulting Com-
mon Phase Error (CPE) for channel k is (assuming that 
any resulting constant phase error is ideally corrected 
[1,4]): 
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where cfDL /2  (D is the fiber dispersion coeffi-
cient, L the fiber length,  the laser transmission wave-
length, f the frequency separation between OFDM 
channels and c is the velocity of light)  is specifying the 
dispersion influence (between adjacent OFDM chan-
nels). The Inter-Carrier Interference (ICI) is: 
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The use of a common RF pilot tone in the system [5, 8] 
- which is complex conjugated and multiplied with the 
OFDM signal channels - is modeled as providing a 
common phase reference of )(t thus eliminating the 
phase noise influence which is not due to dispersion for 
the CPE and the ICI. The filtering by the correlation 
receiver must be accounted for – see (3). The effect of 
filtering is to reduce the phase difference variance by a 
factor of 2/3 – see [13, 14]. Thus for CPE-influence for 
bin k the phase noise variance is 
3/42,  kIFkc  ( 2/1 Nk  ).  IF denotes the In-
termediate Frequency (IF) signal laser linewidth which 
is the sum of linewidths from the transmitter (Tx) and 
local oscillator (LO). 
For DD-OFDM systems a similar derivation as above 
specifies the CPE phase noise variance 
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3/)(42,  kNkc   ( Nk 1 ) where  denotes the 
Tx linewidth. 
For the ICI influence we note that we have an OFDM 
symbol dependence – see (4). We will follow [1] in 
assuming that the ICI contribution from the symbol r 
( kr  ) is an independent Gaussian distributed contribu-
tion. This is a reasonable assumption in the case of 
many OFDM channels. Using (4) the ICI disturbance of 
the constellation phase - described through the in-phase 
contribution from the integrand - can be approximated 
to have zero mean value and a variance of 
)23/(4|/| 22 ,,  raa IFkrrki   for CO-OFDM systems 
(and )23/()(4|/| 22 ,,  rNaa krrki   for DD-OFDM 
systems). This consideration allows a specification of 
the worst case ICI influence which happens in the case 
of a k-constellation close to the origin and an r-
constellation far away from the origin. It is probably 
reasonable to describe the total ICI influence averaging 
over all possible constellation points of the interfering 
OFDM symbol r . Denoting this average by 2 ,, rki  we 
have a total (worst case) ICI influence given by the 
variance    kr rkiki 2 ,,2,   . The total phase noise vari-
ance that affects the constellation phase detection for 
channel k is now  2,2,2 kikck   . Following [11, 12] the 
Bit-Error-Ratio for nPSK channel modulation (and for 
2nQAM) is approximately: 
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With nn ´  for nPSK nn 2´ for 2nQAM. The total 
OFDM system BER considers contributions from N 
OFDM symbols (see [8])   
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for CO-OFDM systems, and 
  Nr rBERNBER 1
1     (7) 
for DD-OFDM systems.  
3 Results and discussions 
We consider a normal transmission fiber (D=16 
psec/nm/km) transmission distances up to 500 km, 
transmission wavelength m 55.1 ,, 8103c m/sec, 
OFDM channel separation 1f GHz i.e. baud rate 1 
GS/s (symbol time T=1 nsec), channel modulation as 4 
and 16 PSK, number of channels , N = 200. We select 
an IF linewidth of 4 IF MHz in the CO-OFDM sys-
tem and a Tx linewidth of 4 MHz in the DD-
OFDM system.  
A sketch of the CO-OFDM and DD-OFDM channel 
plan is shown in Fig. 1 with the position of the RF phase 
compensating carrier indicated. The phase noise influ-
ence depends on the frequency difference between RF 
carrier and the OFDM signal bins. It is obvious that in 
CO-OFDM systems a lower influence of phase noise is 
expected than in DD-OFDM systems due to the relative 
RF channel position. 
OFDM band
Frequency
RF
(N+1)·Δf
(a) 
OFDM band
Frequency
RF
N·Δf N·Δf
(b) 
Fig. 1: Channel positions (representation in optical domain) for 
N-channel (a) CO-OFDM and (b) DD-OFDM system with baud-
rate of fT /1  and including RF pilot tone.  
Fig. 2 shows the phase noise variance for different bin-
positions in the OFDM channel grid and it is seen that 
the further away from the RF carrier the more phase 
noise influence results. As expected the phase noise 
influence is mostly pronounced for DD-OFDM. 
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Fig. 2: CPE phase noise variance and  total phase noise variance 
for OFDM systems with 200 signal channels; (a) CO-OFDM 
system and (b) DD-OFDM system. Bin positions (k-values) are 
indicated. 
The results of  Fig. 2 are transformed into resulting 
BER values in Fig. 3 (using (5)) and using (6) and (7) 
the averaged BER is evaluated in Fig. 4. It is apparent 
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that the phase noise influence is mostly pronounced for 
DD-OFDM systems and most severely for higher con-
stellations (16 PSK in this example). In order to allow 
practical use of Forward-Error-Correction (FEC) a 
phase noise error-rate floor should be below the order of  
410  . It is seen that in order to realize a BER floor be-
low the order of 410   a transmission distance of  about 
225 km (40 km) can be realized for CO-OFDM-4PSK 
(DD-OFDM-4PSK) systems whereas much shorter 
distances of about 10-20 km is allowed for the 16PSK 
systems. 
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Fig. 3: kBER (equation (5)) versus fiber length for different 
channels (k-values as indicated) for 8 and 16 PSK based (a) CO-
OFDM and (b) DD-OFDM systems with 1 GS/s OFDM channels. 
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Fig. 4: Total averaged BER (equations (6-7)) for 4 and 16 PSK 
CO-OFDM and DD-OFDM with 200 channels each with a baud 
rate of 1GS/s.  
4 Conclusion 
For coherent and direct-detection orthogonal frequency 
division multiplexed (CO-OFDM and DD-OFDM) 
systems employing Radio Frequency (RF) phase cancel-
lation the influence of signal laser phase noise is evalu-
ated in the ideal case where the dispersion induced fre-
quency offset as well as any constant phase error are 
ideally compensated. Novel analytical results for the 
common phase error (CPE) and for the (modulation 
dependent) inter carrier interference (ICI) are derived 
based upon Gaussian statistics for the laser phase noise. 
(The Gaussian assumption for the ICI influence must be 
further investigated in future research.) In the derivation 
it is accounted for that the laser phase noise is filtered in 
the correlation OFDM signal channel detection. Numer-
ical results are presented for OFDM systems with 4 and 
16 PSK modulation, 200 OFDM signal bins and baud 
rate of 1 GS/s and using normal (G.652) fiber for trans-
mission. An Intermediate Frequency linewidth of  4 
MHz is considered for CO-OFDM and a transmitter 
laser linewidth of 4 MHz is considered for DD-OFDM 
systems. It is found that in order to realize a phase noise 
induced BER floor below the order of 410   a transmis-
sion distance of 225 km is feasible for CO-OFDM with 
4PSK modulation whereas a distance of about 40 km is 
obtained for the equivalent DD-OFDM system. Much 
shorter distances of about 10-20 km is allowed for sys-
tem using 16PSK modulation. Thus, it is possible to use 
normal DFB lasers (with linewidths of 1-10 MHz) in 
OFDM systems intended for shorter-range (ac-
cess/metro) use.  
An alternative system implementation must be used for 
long range (in the order of 1000 km transmission dis-
tance) OFDM applications with DFB-type transmitter 
and local oscillator lasers. Such long range systems 
should use RF pilot tone phase noise cancellation, co-
herent detection and a dispersion compensating fiber at 
the entrance of the coherent receiver to balance (at least 
roughly) the fiber dispersion. Longer range systems can 
also be implemented using lasers with sub-MHz lin-
ewidths and without the need for dispersion compensa-
tion fiber in the transmission path; but it has to be noted 
that sub-MHz (external cavity based) lasers are more 
expensive and have life-time problems compared to 
DFB lasers. 
The current model is simplified in considering only 
dispersion induced phase noise and not accounting for 
the dispersion induced frequency offset. To model the 
practical ICI influence of the frequency offset is an 
important future research task which should also con-
sider the combined influence of additive noise and 
phase noise. Also modeling should be performed includ-
ing the practical implementation of MUX/DEMUX 
using discrete Fourier Transformation techniques and 
the implementation of the conversion between digital 
and analogue signal representations in the Tx and Rx.  
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